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Abstract 
Around one third of road deaths in Europe are the result of run-off-road accidents. The major causes are considered to be fatigue, 
distraction and inattention. Rumble strips are one of the appropriate available measures that help prevent run-off-road accidents. 
When driving on the near right side of the road, it is possible to drive over the rumble strips unintentionally. Studies have shown 
that one percent even drive on the emergency lane or hard shoulder. With an average daily traffic of 33,000 vehicles, this causes 
unnecessary additional noise pollution. The study at hand describes a method that introduces a different positioning of rumble strips 
as a means of reducing unintentional crossing and run-off-road accidents. Based on speed and angle of exit as well as the friction 
between tyre and traffic lane and an assumed reaction time, the lateral distance needed could be determined. The assumption is that 
the driver’s reaction is a sole steering movement back onto the traffic lane, where the vehicle traverses a circular path at the 
maximum possible speed. At a median-speed of exit of 110km/h with a median-angle of exit of 5.5° from real accidents, a lateral 
distance of 2.0 m would be needed on wet road surfaces. The reaction time after driving over the rumble strip was considered to 
be 0.5 s. 
© 2016The Authors. Published by Elsevier B.V.. 
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Nomenclature 
SVA Single vehicle accidents  
ROR run-off-road 
ADAS Advanced Driver Assistance Systems 
LKA Lane Keep Assist 
LKW Lane Departure Warning 
ATP Audio Tactile Profiled 
KSI Killed and Severely Injured 
SD Standard Deviation 
CEDATU Central Database for In-Depth Accident Study 
STAIRS Standardisation of Accident and Injury Registration System 
PENDANT Pan-European Coordinated Accident and Injury Databases 
RISER Roadside Infrastructure for Safer European Roads 
ROLLOVER Improvement of rollover safety for passenger vehicles 
 
1. Scope 
The ambitious target of the European Commission to halve the number of road deaths by 2010 was already laid 
down in the 2001 White Paper on Transport Safety (COM(2001)370). The number of road fatalities was reduced from 
57,000 to around 31,500 between 2000 and 2010 (EC, 2015). The challenging target to halve the number of road 
deaths by 2020 is stated in the current White Paper (COM(2010) 389) on the basis of figures for 2010. In 2014, almost 
25,700 road deaths were reported in the European Union. This number is slightly lower than planned (EC, 2015). The 
member states have developed similar targets and road safety programmes, such as the Austrian Road Safety 
Programme. The number of road deaths is to be halved by 2020 and the number of severely injured persons reduced 
by 40%. Traffic accidents are to be reduced by 20%.  
Single vehicle accidents (SVA), in particular run-off-road (ROR) accidents, account for a large number of road 
fatalities. The share of this type of accident varies between the various member states. On average, one third of road 
fatalities can be attributed to this type of accident (Collin 2000). The share of ROR accidents in Austria makes up 
about 20% of road accidents and about one third of road fatalities. On motorways ROR accidents are almost one half 
of the road fatalities (Statistics Austria).  
The main causes of ROR accidents have been identified as fatigue, inattention and distraction. The Federal 
Highway Administration states that this cause is responsible for between 40 and 60 per cent of accidents. Ewert (2003) 
states that fatigue causes one fifth of ROR accidents, with motorways and highways being particularly affected. In 
their study, Ansel and Hell (2002) concluded that approximately 24% of ROR accidents were caused by fatigue. Rothe 
(1995) estimates that around 33% of fatal accidents are due to fatigue and inattention. McLaughlin et al. (2009) 
identified the following causes of ROR accidents: distraction and inattention (35%) and fatigue (11%).  
A possible opinion which suggests that the driver must have been driving for a long period of time could not be 
confirmed by McLaughlin et al. (2009). In their study, the authors found that there had been ROR accidents after 
a journey time of two to 100 minutes, with the average journey time being 20 minutes. Microsleep, however, is not 
a spontaneous event in this setting, but is signaled in advance by fatigue (Reyner and Horn, 1998b). At this stage, the 
driver tries to stay awake and fights the urge to sleep. They will, for example, open the window, turn up the volume 
on the radio, stretch, etc. Such measures, however, only help for a short period of time (Reyner and Horn, 1998a). 
Even though the drivers make use of countermeasures and thus know about their drowsiness, they claimed falling 
asleep occurred spontaneously (Reyner and Horn, 1998b). 
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There are several ways to avoid ROR accidents, which make use of the vehicle or the infrastructure. Besides 
Advanced Driver Assistance Systems (ADAS) inside the vehicle, such as LKA (Lane Keep Assist) or LDW (Lane 
Departure Warning), there is the possibility of preventing ROR accidents by using rumble strips (ATP: Audio Tactile 
Profiled Roadmarkings). The advantage of rumble strips is the immediate effect on vehicles after installation. ADAS 
are however only available in new vehicles and usually only as an optional extra. Even if we were to immediately 
start equipping all new vehicles with LKA or LDW, the problem would remain that the majority of vehicles currently 
on the road still do not have these systems. Therefore, rumble strips still represent a very good way to prevent ROR 
accidents.  
Cavegn et al. (2008) observed that rumble strips are highly effective and highly efficient, both as a measure against 
fatigue and against distraction and inattention. By using rumble strips at the edge of the traffic lane, between 31% and 
45% of ROR accidents could be avoided (Elvik and Vaa, 2004). This was confirmed by an experimental setup in 
Germany: Rumble strips were milled into the hard shoulder of a 36 km section of a motorway, leading to a 43% 
reduction of ROR accidents. The rumble strips had a particularly positive effect on the number of KSI (Killed and 
Severely Injured) accidents (Lerner and Hegewald, 2009). It was noted, however, that the effectiveness and usefulness 
of rumble strips decrease with the market penetration of Lane Departure Warning Systems (Lerner and Hegewald, 
2009). Using a before and after comparison of accident figures, Nambisan et al. (2007) proved a slightly weaker 
decrease in ROR accidents of 25% due to rumble strips at the edge of the road. Corkle et al. (2001) presume that 
between 20% and 72% of ROR accidents could be prevented by the use of rumble strips at the edge of the road. The 
decrease in accidents involving personal injury made possible by the use of rumble strips at the edge of the traffic lane 
is estimated at more than 30% by the European Commission (2010). Based on many years of experience, the 
Transportation Research Board (2009) provides a significantly lower estimate: It would be possible to prevent 11% 
of ROR accidents and 16% of KSI accidents on motorways by using rumble strips at the edge of the traffic lane. 
Previous studies, in contrast, have shown that the number of ROR accidents on motorways could be reduced by around 
70% (Wood, 1994). 
Besides the positive effects, rumble strips also have negative aspects, given that the driving line of many drivers is 
not at the centre of the driving lane but tends to be far to the right. Often, driving far to the right may even lead to 
driving at least partially on the emergency lane or hard shoulder and cause unnecessary noise pollution to residents if 
shoulder rumble strips are installed. Studies showed that residents claimed they are able to hear the noise generated 
from rumble strips up to an offset of two kilometres besides the road (NCHRP Report 641). This run-over the rumble 
strip is not caused by the three causes of accidents mentioned above, but is due to the driving line. In their study, 
Lennie and Bunker (2005) observed driving behaviour on motorways. On average, vehicles were about 0.5 m from 
the edge of the traffic lane. About 20% of vehicles were very close to the edge of the traffic lane (<0.3 m). One per 
cent even drove on the emergency lane or hard shoulder. With an average daily traffic of 33,000 vehicles, this means 
disproportionately high noise pollution.  
On Motorways the sound pressure level inside the vehicle due to rumble strips should be 10 dBA to 15 dBA higher 
than the ordinary noise within the vehicle (TRB 2009). Further studies recommended a similar increase of the sound 
pressure level inside the vehicle. An increase of 5 dBA to 10 dBA was found to be a significant change of the noise 
inside the vehicle whereby an increase of 11 dB to 19 dB was associated with an enormous change of the noise 
(Tiefenthaler et al. 2002). Kragh et al (2007) found different noise pollution of different types of rumble strips i.e. 
milled or raised rumble strips. The authors found a higher noise pollution for milled rumble strips especially with 
a rectangular shape. A study of the Delaware Department of Transport (DelDOT 2012) found an average increase of 
12.4 dBA produced from a Minivan at a distance of 15.2 m (50 feet) when run-over the rumble strip resulting in noise 
level range of 73.3 to 78.0 dBA. At a distance of 76.2 (250 feet) the noise produced of a Minivan run-over a rumble 
strip was found to be in a range of 56.4 to 62.3 dBA. The average increase at this distance was approximately 3.3 dBA. 
2. Objective 
Even though rumble strips constitute a measure against ROR accidents, driving partially on the emergency lane 
results in residents being affected by unnecessary noise pollution. The aim of the study is to optimise the lateral 
position of rumble strips in order to reduce noise pollution and the number of ROR accidents at the same time.  
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3. Method 
Hoschopf et al. (2007) and Hoschopf and Tomasch (2008) define the trajectory of the vehicle’s centre of gravity at 
the point of lane-departure as a function of lateral distance to the edge of the traffic lane, velocity and possible 
coefficient of friction of the traffic lane. The maximum ROR angle can be derived from the centripetal acceleration 
and the maximum lateral coefficient of friction. The authors assume that the vehicle leaves the lane and that a certain 
ROR angle is thereby created (depending on the combination of these parameters). These considerations can also be 
applied conversely. Based on present ROR angle, corresponding vehicle velocity and friction conditions, a certain 
width of trafficable surface is necessary in order to perform steering manoeuvres to avoid a ROR accident. Similar 
ideas were had by Burgett and Gunderson (2001) and Martin et al. (2003). These authors also assume a correlation of 
velocity, friction conditions and ROR angle. 
An essential factor for avoiding accidents is the response to an event. Even after driving on rumble strips, reaction 
time is essential for the prevention of lane departure. In the course of a driving simulator study, Kozak et al. studied 
the reaction of sleep-deprived drivers when driving over rumble strips at the edge of a lane, as well as in other 
situations. When they drove over rumble strips, an average reaction time of 0.55 s (p=0.06) was observed. Stanley 
(2008) examined the behaviour of drivers when coming off-road. To increase awareness, acoustic warnings (rumble 
strips) were analysed. The average reaction time when driving on the right side of the traffic lane and hearing an 
acoustic rumble strip noise was found to be 1.137 s (SD=0.310).  
Considering a corresponding reaction time, the lateral distance required can be expressed by the connection in (1), 
with a given ROR angle and ROR velocity as well as existing friction characteristics. The positioning of the rumble 
strips depends on the width of the paved surface (emergency lane or hard shoulder) and the lateral distance from the 
vehicle required at the corresponding speed (2). Fig. 1 and Fig. 2 show the vehicle movement when coming off road 
with a subsequent steering movement after driving over the rumble strips.  
݀ ൌ ݒ ή ݐ௥ ή ݏ݅݊ߙ ൅ ௩
మήሺଵି௖௢௦ఈሻ
ఓή௚ ሾ݉ሿ (1) 
ܾ ൌ ܿ െ ݀ െ ݁ ሾ݉ሿ (2) 
Variable Unit Description 
b m Lateral distance of rumble strips from the traffic lane  
c m Width of paved surface (asphalt, concrete) – emergency lane, hard shoulder 
d m Required lateral distance of vehicle 
e m Width of rumble strips 
v m/s Run-off-road speed 
tr s Reaction time 
α ° Run-off-road angle 
μ 1 Coefficient of friction 
g m/s2 Gravitational constant 
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Fig. 1. Lane departure of vehicles with steering manoeuvre back onto the traffic lane. 
Fig. 2. Three-dimensional movement of vehicle when coming off road due to a steering manoeuvre. 
In order to estimate the required (optimised) position of rumble strips, the following assumptions were made: 
x The emergency lane or hard shoulder is trafficable, i.e. the surface is not soft, so the wheels do not get stuck. 
x In the worst case, the coefficient of friction for a vehicle coming off road amounts to μ=0.5 for wet road surfaces 
(exception: icy surfaces).  
x The driver’s reaction takes place after driving over the rumble strips. The expected reaction time is between 0.5 s 
and 1.0 s (see results of literature review). 
x The assumption is that the driver’s reaction is a sole steering movement back onto the traffic lane and that no 
braking manoeuvres are made. The steering manoeuvre is made immediately after the reaction.  
x It is assumed that the driver initiates the steering manoeuvre whilst driving over the rumble strip and the driving 
period will be taken into account accordingly.  
Rumble strips 
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x The vehicle traverses a circular arc with radius R, which is in the cornering limit speed due to the available 
friction and the velocity. Therefore, the vehicle does not yet skid. 
x Gravitational constant g=9.81 m/s2 
4. Material 
The in-depth database CEDATU (Central Database for In-Depth Accident Study) was the source for the basic data 
on real accidents which were then analysed (Tomasch and Steffan, 2006; Tomasch et al. (2008)). Each individual 
traffic accident was reconstructed using the traffic accident reconstruction program PC Crash and saved on CEDATU 
with all accident related data. Information on initial speed, run-off-road or collision speed, run-off-road angle, reaction 
times, travel times and vehicle trajectories etc. were calculated on the basis of accident reports which consist of reports 
such as police reports and medical reports, attached photos and photogrammetric analyses of the accident site.  
The data field basis of CEDATU is the STAIRS protocol (Standardisation of Accident and Injury Registration 
System) (Vallet G. et al. 1999) which was developed over the course of an EU project with the same name. Building 
on the STAIRS protocol, data fields were developed using information from the EU projects PENDANT (Pan-
-European Coordinated Accident and Injury Databases) (Thomas P et al. 2006), RISER (Roadside Infrastructure for 
Safer European Roads) (RISER 2006) and ROLLOVER (Improvement of rollover safety for passenger vehicles) 
(Gugler and Steffan 2005). Furthermore, the data fields from national statistics were integrated to enable a direct 
connection to the latter (Statistics Austria 2007). 
5. Results 
The average ROR velocity on motorways is 110.8 km/h (SD=20.5) (Fig. 3). The median velocity is around 
110.5 km/h, meaning that 50% of all ROR accidents are of a higher velocity and 50% of a lower ROR velocity. On 
rural roads, the average ROR velocity is 82.4km/h (SD=24.4) and the median velocity 82.0km/h. 
The average ROR angle on motorways is 7.3° (SD=6.6) at a median angle of 5.5 °. The average ROR angle on 
rural roads is 10.0° (SD=5.9) and the median angle was found to be 10.0°.  
It is clearly evident that the ROR velocity on motorways is higher. In contrast, the ROR angle on motorways is 
lower than on rural roads. It was observed that the ROR angle tended to decrease as the speed increased (Fig. 4). 
Similar results were reached in the course of the EU project RISER (RISER Deliverable D06, 2005; RISER Final 
Report 2006) and by Tomasch et al. (2010, 2011).  
The positioning of the rumble strips is done on the basis of the parameters presented in the methodology (velocity, 
ROR angle, friction conditions and reaction time). Fig. 5 shows the emergency lane or hard shoulder space required 
for a vehicle on a wet road in correlation with the velocity, ROR angle and reaction time of the driver. Thus, an 
emergency lane or hard shoulder of about 2.6 m is necessary at a ROR velocity of 130 km/h and a ROR angle of 5° if 
the driver steers the vehicle back onto the road after driving over the rumble strip after a reaction time of 0.5 s. In this 
case, a friction of μ=0.5 was assumed. If the road conditions, reaction time of the driver and ROR angle are assumed 
to be the same, and the ROR velocity is 100 km/h, an emergency lane or hard shoulder space of 1.8m is required. 
However, if the reaction time of the driver surpassed 1.0 sec after driving over the rumble strip at a velocity of 
130 km/h, an emergency lane or hard shoulder space of 4.2 m is necessary. At a ROR velocity of 100 km/h the required 
emergency lane or hard shoulder space is 3.0 m.  
On motorways, a paved and driveable hard shoulder of 2.0 m is necessary for ROR prevention at a median ROR 
velocity of 110 km/h, a median ROR angle of 5.5 ° and a very quick reaction time of 0.5s. Therefore, if the emergency 
lane has an assumed width of 3.0 m, the rumble strip could be installed 1.0 m away from the traffic lane.  
 
3855 E. Tomasch et al. /  Transportation Research Procedia  14 ( 2016 )  3849 – 3858 
  
Fig. 3. Run-off-road velocity and run-off-road angle. 
 
Fig. 4. Correlation between run-off-road velocity and run-off-road angle on motorways and rural roads. 
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Fig. 5. Paved hard shoulder width theoretically necessary in the case of a steering manoeuvre, which takes into account different reaction times 
and a friction of μ=0,5. 
6. Limitations 
The assumption is that the driver’s reaction is a sole steering movement back onto the traffic lane. A combination 
of steering and braking manoeuvres has not been studied.  
The vehicle is considered as a point mass. The vehicle dynamics of different vehicle types are not taken into 
consideration. 
No distinction between straight road sections and bends was made. 
The road friction was defined as my=0.5, which corresponds to a wet road surface. In dry road conditions the 
rumble strip could be installed further away from the traffic lane.  
7. Summary 
Although rumble strips constitute an appropriate measure for the prevention of ROR accidents, local residents are 
exposed to unreasonably high levels of noise if drivers do not keep far enough away from the side lines and drive over 
the rumble strips. Studies showed a decrease of the noise level produced from a vehicle when driving over the rumble 
strip with an increased offset from the road.  
Kragh et al (2007) found a higher noise pollution for milled rumble strips especially with a rectangular shape. 
A major disadvantage of raised rumble strips can be found for countries in which during winter conditions the snow 
needs to be removed from the road. The rumble strips will be erased and the snowplow damaged. However, it was not 
the goal of the study to investigate in the difference between raised and milled rumble strips.  
The main disadvantage of rumble strips is the noise pollution for residents. Some residents claimed that they are 
able to hear the noise generated from rumble strips if they are up to two kilometres away (NCHRP Report 641). To 
keep the unnecessary noise pollution as low as possible a method was established which is still able to have an impact 
3857 E. Tomasch et al. /  Transportation Research Procedia  14 ( 2016 )  3849 – 3858 
to decrease ROR accidents. With the method introduced rumble strips could be installed in an optimised way lateral 
to the traffic lane and still showed accident prevention potential. The emergency lane or hard shoulder width required 
by a vehicle varied depending on the ROR velocity, ROR angle, reaction time of the driver and the present road 
conditions. Due to the hard shoulder needed for the present width of emergency lanes, an optimised positioning of 
rumble strips is possible. 
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